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HUMAN PERCEPTION OF FLASHING LIGHT EMITTING DIODES FOR AIRCRAFT ANTICOLLISION LIGHTING
Chris Yakopcic, John Puttmann, Benjamin R. Kunz, Mark Holleran, Brandon Wingeier, Ali Hashemi, Kenneth
Stapp
University of Dayton
Dayton, OH
Light Emitting Diodes (LEDs) have the potential to replace incandescent bulbs currently
used in aircraft anti-collision lighting. LEDs require less power to operate, and possess the ability
to flash without the addition of moving parts. Compared to incandescent bulbs, however, LEDs
yield a slightly different spectral output and a different intensity profile when flashing. The impact
of these differences on the viewer’s ability to detect the light was examined to determine if LEDs
can successfully replace incandescent bulbs on aircrafts and runways. Using an automated system
to drive an LED with variable intensity and duration, the light source was displayed to naïve
participants to establish visibility thresholds for solid and pulsed LEDs. Participants were asked to
immediately respond as to indicate if a light was present. The data collected were examined and
applied to the different models currently available for determining the effective intensity of a
pulsed light.
In recent years, designs for aircraft anti-collision lighting have incorporated Light Emitting Diodes (LEDs)
due to their low power consumption compared to incandescent bulbs. LEDs also have a longer operating life and do
not require moving parts to flash. As the technology for anti-collision lighting is updated, the old standards for
intensity and pulse width must be verified to ensure that LEDs are detected by the human eye equivalently to
existing alternatives. LEDs differ from incandescent bulbs for two main reasons. The spectral output of an LED is
significantly different than that of an incandescent bulb. A white incandescent bulb produces a yellowish output and
most white LEDs produce a white that has a much stronger blue component. Second, the intensity profile, or pulse
shape of a flashing LED is rectangular, and the rotation of an incandescent bulb (or the mechanism surrounding it)
produces a rounded pulse shape. The purpose of this experiment was to measure the effective intensity of LEDs, and
to compare the results with the values produced by the analytical models for determining effective intensity.
Effective intensity was defined by Ohno and Couzin (2002) as the luminous intensity of a steady light
source that has the same visual range as the pulsed light in question. The current standard for measuring the
effective intensity of flashing lights was proposed by A. Blondel and J. Rey in 1911. This experiment involved
human subjects viewing a lamp housed in a contraption with a rotating disc that provided for the flashing of the
light. Since then, the technology used to develop aircraft anti-collision lighting has changed considerably, yet the
equation proposed by Blondel and Rey is still used as the standard.
The Blondel-Rey equation has been evaluated both experimentally and analytically for use with LEDs. In
addition, other models have been proposed as alternatives for measuring the effective intensity of a pulsed light
source known as the Allard method, and the form-factor method (Ohno and Couzin 2002). Ohno and Couzin (2002)
conducted a theoretical study of the models used for determining effective intensity and proposed the modified
Allard method as a more accurate alternative for multi-pulse flashing lights. J. D. Bullough et al at Rensselaer
Polytechnic Institute conducted a study where different colored LEDs were compared to incandescent lights to see if
participants detected a difference in perceived intensity between the two types of light sources (2006). In an
experiment conducted by Nurmi (2004), a flashing and a steady light were presented individually to participants.
The absolute threshold for detection was established for participants as a function of the size of the aperture through
which the light was displayed and the amount of ambient lighting.
The experiment presented in this paper involved displaying both a steady and a pulsed LED at intensities
that are believed to be in a range above and below the absolute threshold of detection for a dark adapted human
subject. As opposed to a flashing light, a single pulse was presented to the subject to allow for a better comparison to
the Blondel-Rey and Allard models for effective intensities, and provided a greater amount of control during the
experiment. This experiment was unique because it was completed using two different methods for measuring
detection thresholds, and the results for each of the methods were compared. The work presented is the result of a
project sponsored by the FAA with a student team in the Engineering Innovation Center at the University of Dayton.

Methods for Modeling Effective Intensity
The models for effective intensity that were studied in this paper were the Blondel-Rey equation and the
Allard method. When the LED pulse shape is square, the form-factor method exactly matches the results produced
by the Blondel-Rey equation. Also, the modified Allard method was meant to approximate the Blondel-Rey method
for a square pulse shape. Since the pulse shape of the LED in this experiment was square, the form-factor and
modified Allard methods were not considered as they will produce the same results as the Blondel-Rey equation.
The Blondel-Rey equation can be seen in (1), where I(t) is the intensity profile of the pulse output from the
LED, and a is the visual time constant that was experimentally determined to be 0.2s by Blondel and Rey. For a
square pulse, t1 and t2 are the rising and falling edge of the pulse respectively. The value Ieff is the effective intensity
of the light pulse in question.
(1)
The Allard method is based on a convolution of the intensity profile of the pulsed LED, and visual impulse
response as defined by Allard. The equations for the Allard method can be seen below in (2) and (3), where I(t)
again represents the intensity profile of the light pulse. The function i(t) is the convolution of I(t) and the visual
impulse response q(t), which is defined in equation (3). The visual time constant is also set to 0.2s in this equation,
and the effective intensity is defined as the maximum of i(t).
(2)
(3)
Experimental Method
Materials and Apparatus
For testing, participants were seated 50 feet away from the LED apparatus. The LED was white with a
value of (0.301, 0.293) on the CIE chromaticity diagram. Curtains were hung to remove the possibility of reflection
from the walls. The LED was housed in a matte black box with circular baffles to reduce the scattering of the
observed light. A chinrest was used to ensure the subjects were looking in the direction of the LED. To obtain
intensity values that encompassed a test subject’s threshold, neutral density filters were used to reduce the light
output of the LED to the order of micro-candelas (µcd). The intensity of the LED was varied in a wide range thought
to encompass each subject’s threshold intensity, and the subject responses were used to precisely determine each
subject’s threshold for the steady and pulsed LED.
A MATLAB program was developed that automatically controlled the LED that was observed by the test
subjects. The MATLAB script was capable of controlling the pulse width to a resolution of 2 milliseconds. The
intensity of the LED was determined by the voltage output of a data acquisition unit that was controlled by the
MATLAB script. The MATLAB script fully automated the testing procedure for displaying the LED and collecting the
user responses using input obtained from a “yes” button and a “no” button placed below the subject’s right and left
had respectively. The script for this experiment was capable of generating LED signals at two different pulse widths
5 seconds, and 226 milliseconds. The 5 second pulse width was decided to be large enough for the light to be
considered steady, as the effective intensity of a 5 second pulse with normalized intensity was determined to be
0.962 using the Blondel-Rey equation, and .994 using the Allard method.
Procedure
Participants first completed a visual acuity test using the standard Snellen chart. Only participants with
20/30 or better vision (with corrective lenses, if necessary) were included in subsequent analysis. Following the task
instructions, participants were seated, the lights were shut off and dark adaption began, lasting for 10 minutes. At
this point the pretest was administered so that the subject could practice using the yes and no buttons and observe
the LED before testing.
After the pretest, the experiment was divided into four parts. The first part used the method of limits
(MOL) to determine the subject’s threshold. On the first trial, the LED was presented at the lowest intensity in the

test range. On each subsequent trial, the LED intensity increased incrementally until the maximum intensity was
reached. On the next trial, the highest intensity was displayed with LED intensity decreasing incrementally on each
subsequent trial to complete a cycle. On each trial, participants pressed the “yes” button if they detected the lights
and the “no” button if they could not detect the light. Each trial consisted of a 5 second display of the LED followed
by a 1.5 second break period. The subject had the ability to respond during the 5 seconds when the LED was on, but
not during the break period. In the MOL test there were three complete cycles for a total of 114 trials, (19 unique
intensities each presented 6 times).
The second part of the test was based on experimental methods used in signal detection theory (known as
the SDT test from here on), and presented 16 different intensities in a random order. Each intensity value was
presented a maximum of 10 times but with a probability of 0.5 that a blank trial (0 intensity) would occur. Although
the order of the intensities was random, the ten trials associated with that intensity were presented in a group so that
the blank trials could be specifically associated with each of the intensities. This provided data that would determine
the subject bias for each of the intensities, via calculation of ROC curves.
Parts three and four had the same procedure as the first two, except that the LED had a pulse width of 226
milliseconds. The subject still had 5 seconds to respond as to whether they could see the light, followed by a 1.5
second break. After this data was collected the pulse data was compared with the steady light data to determine the
effective intensity.
Results
The threshold for each subject was calculated individually using a logistic regression, and then the overall
data was compared to the Blondel-Rey and Allard equations. Figure 1 shows an example of the data that was
collected for a single subject. The results for each of the four tests are displayed as the probability of correctly
detecting the LED as a function of LED intensity. The plot in Figure 1(a) shows the results for the steady LED for
the MOL test, and the plot in Figure 1(b) shows the data for the steady SDT test. The plot in Figure 1(c) shows the
results for the MOL using the short pulsed LED and the plot in Figure 1(d) shows the results short pulse SDT test. In
each of the plots, the raw data is presented along with the logistic regression and the 95% confidence limits. The
threshold point is interpolated as the point where the subject correctly detects the light 50% of the time.
The data in Figure 1, depicting results from a single participant, represents desirable results as both of the
testing methods (MOL and SDT) produced similar threshold values for a steady LED. Likewise, the threshold
obtained from the pulse tests was also similar when comparing the methods. The shorter pulse test yielded a higher
threshold than the steady LED, which is the result expected when comparing to the theoretical methods for
calculating effective intensity in equations (1 - 3).
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Figure 1. Example of data collected for a single test subject (known as participant 3) that provided a desirable result.
The plots show the subjects responses for (a) the steady light using MOL test, (b) the steady light using the SDT test,
(c) the pulsed light using the MOL test, and (d) the pulsed light using the SDT test.
The receiver operator characteristic (ROC) curves were also plotted for each of the subjects. ROC curves
for participant 3 are shown in Figure 2, where each data point represents a different intensity. Although Green and
Swets (1988) caution against generating ROC curves when signal intensity is the variable, insight into the subject’s
response bias that could not be obtained when looking at the data in Figure 1. Figure 2(a) shows the ROC curve for

the steady LED and Figure 2(b) shows the curve for the pulsed LED. The data in Figure 2 shows that this subject
completed the test with no false positives, as each of the data points resides in the region of zero false positive
probability. This means that the subject did not respond yes to any of the blank trials, which further validated the
clean threshold data displayed in Figure 1.
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Figure 2. ROC curves generated for the SDT data from test participant 3. The plots display the ROC data for (a) the
steady SDT test and (b) the pulse SDT test.
Figures 3 and 4 display the test results for a different test subject to show how the results different greatly
between subjects. It can be seen that the separation in the threshold between methods differs greatly for the pulsed
LED because there was not enough data below a 50% probability to generate an accurate threshold. The data is also
much more variable when compared to the previous subject in Figure 1. As indicated by the ROC curve in Figure 4,
there were a notable number of false positives (where a participant reported detecting a light when none was
presented). This participant comparison shows the variability between subjects encountered during data collection.
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Figure 3. Example of data collected for a single test subject that provided an undesirable result. The plots show the
subjects responses for (a) the steady light using MOL test, (b) the steady light using the SDT test, (c) the pulsed light
using the MOL test, and (d) the pulsed light using the SDT test.
A 2 (test method: MOL or SDT method) x 2 (LED pulse width; steady or pulse) repeated measures
ANOVA performed on threshold values revealed significant main effects of test method, F(1, 25) = 10.13, p = .004,
LED pulse width, F(1, 25) = 13.52, p = .001 and an interaction between test method and LED pulse width, F(1, 25)
= 12.86, p = .001. Planned paired-sample t-tests indicated significant differences between thresholds for pulse
LEDs and steady LEDs obtained using SDT method, t(25) = -5.95, p <.001 and between thresholds for steady LEDs
determined using SDT and steady LEDs determined using MOL, t(25) = 4.40, p < .001. Notably, there was no
significant difference between thresholds for pulse and steady LEDs determined using MOL (p = .23).
The expected difference between thresholds for pulsed vs. steady LEDs was only apparent for thresholds
using the SDT method. The plot in Figure 5(a) shows the threshold value that was determined using the MOL test
for both the steady and pulsed LED, and the plot in Figure 5(b) shows the thresholds obtained using the SDT test.
Each of the thresholds is plotted in micro-candelas as a function of the subject number. Of the 32 participants tested,
6 were omitted because threshold data could not be obtained from their responses. The threshold for the pulsed LED
(M = 7.74, SD = 4.40), was nearly always higher than the constant LED (M = 4.45, SD = 2.87). The lone exception,
subject 31, was described in Figures 3 and 4 in which data indicated a large amount of false positives. The

difference between pulse (M = 7.79, SD = 4.64) and steady LED thresholds (M = 6.87, SD = 3.54) was much smaller
for MOL thresholds. A one-sample t-test suggests that the difference between pulse LED thresholds and steady
LED thresholds was significant only for SDT data (t((25, test value = 0) = -5.95, p < .001).
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Figure 4. ROC curves generated for the SDT data from test participant 31. The plots display the ROC data for (a)
the steady SDT test and (b) the pulse SDT test.
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Figure 5. Threshold data determined for each subject using (a) the MOL test and (b) the SDT test.
Calculation of Effective Intensity and Model Comparison
The data was analyzed in relation to both the Blondel-Rey and the Allard method for determining effective
intensity. First, the threshold data collected was taken as a ratio of the threshold for the steady light to the threshold
for the pulsed light. The ratio was taken using just the MOL data and just the SDT data. Then a third ratio was
calculated that was the average of the thresholds of the two methods for each subject. The ratios calculated are as
follows: RMOL=0.882, RSDT=0.575, RTOTAL=0.730. The ratios were also calculated by using the Blondel-Rey and
Allard equations using a pulse width of 226ms. The intensity of the pulse is not important as the ratio is independent
of pulse intensity in either case because effective intensity scales linearly with the peak intensity of the pulse. The
ratios were calculated as follows: RBR=0.531, RAL=0.677. It can be seen that the SDT test provided data that is
closest to the ratio produced by the Blondel-Rey equation, and the total data was a closer match to the data provided
by the Allard method.
Since the pulse shape in question was a square wave, the integral of the light pulse could be simplified to a
multiplication of the pulse width and the amplitude. Then, the equation was rearranged to calculate the visual time
constant based on the experimental data collected. The peak of the pulse I(t) was assumed to be the threshold for the
pulsed light and Ieff was assumed to be the threshold calculated for the steady light. Figure 6 shows the visual time
constants that were calculated for each subject when the thresholds from each method were averaged in Figure 6(a),
when just using the MOL test thresholds in Figure 6(b) and when just using the SDT test thresholds in Figure 6(c).
The new visual time constants were calculated as follows: aTOTAL=0.119, aMOL=0.085, aSDT=0.245. A t-test analysis
indicated no statistically significant difference between the value obtained using the SDT data and the visual time
constant proposed by Blondel and Rey, t(25, test value = 0.2) = .80, p = .43. Data from the MOL test provided a
time constant that was statistically different from 0.2 seconds, t(25, test value = 0.2) = -2.82, p = .009.
(4)
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Figure 6. Visual time constant determined for each subject using the result in equation (4), where the plots display
the result for (a) the average of both methods, (b) the result for the MOL test, and (c) the result for the SDT method.
Conclusion and Future Work
This paper compared visual thresholds for both a steady and a pulsed light source using two different
methods for establishing absolute thresholds. We conclude that the SDT method provided results more consistent
with the analytical models for effective intensity, as the threshold for the pulsed light was consistently greater than
threshold for the steady light. When examining the results of the MOL test, there was no clear relationship between
the threshold intensity and type of signal presented to the participants. Moreover, the time-constants derived using
data collected using the SDT test more closely resembled the values predicted by the Blondel-Rey equation than
those obtained using the MOL test.
More work must be completed before these adjustments to the effective intensity modeling equations can
be accepted. Since only one pulse width was presented to subjects in this experiment, the comparison to the effective
intensity modeling equations can only be related using one data point. In the future multiple pulse widths will be
tested to verify that the modeling equations match the experimental data as a function of the LED pulse width.
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